Long intergenic noncoding RNAs (lincRNAs) are intergenic transcripts with a length of at least 200 nt that lack coding potential. Emerging evidence suggests that lincRNAs from animals participate in many fundamental biological processes. However, the systemic identification of lincRNAs has been undertaken in only a few plants. We chose to use cucumber (Cucumis sativus) as a model to analyze lincRNAs due to its importance as a model plant for studying sex differentiation and fruit development and the rich genomic and transcriptome data available. The application of a bioinformatics pipeline to multiple types of gene expression data resulted in the identification and characterization of 3,274 lincRNAs. Next, 10 lincRNAs targeted by 17 miRNAs were also explored. Based on co-expression analysis between lincRNAs and mRNAs, 94 lincRNAs were annotated, which may be involved in response to stimuli, multi-organism processes, reproduction, reproductive processes, and growth. Finally, examination of the evolution of lincRNAs showed that most lincRNAs are under purifying selection, while 16 lincRNAs are under natural selection. Our results provide a rich resource for further validation of cucumber lincRNAs and their function. The identification of lincRNAs targeted by miRNAs offers new clues for investigations into the role of lincRNAs in regulating gene expression. Finally, evaluation of the lincRNAs suggested that some lincRNAs are under positive and balancing selection.
Introduction
The majority of the genome can be transcribed into RNA, but only a small fraction of these transcripts can be translated into proteins [1] [2] [3] . In addition to protein-coding RNA, tRNA, rRNA, and many small noncoding RNAs have been discovered, including miRNA, siRNA and piRNA [4, 5] . Long intergenic noncoding RNAs (lincRNAs) are a newly described type of noncoding RNA derived from the intergenic regions of the genome [6] [7] [8] [9] . LincRNAs generally exhibit a length of at least 200 nt and lack coding potential. They can regulate gene expression at the transcriptional and post-transcriptional levels by acting as signals, decoys, guides, and scaffolds [10] . Emerging evidence suggests that lincRNAs from animals participate in many biological processes, including cell-cycle regulation, immune surveillance, and embryonic stem cell pluripotency [11] [12] [13] [14] .
Due to the development of genomic sequencing techniques, genome-wide identification of lincRNAs can be achieved via cDNA/EST, Chip-seq, tilling array and RNA-seq data analyses. The identification of lincRNAs has been widely reported in higher eukaryotes, including humans, chickens, pigs, and flies [11, [15] [16] [17] [18] . However, the systematic identification of lincRNAs in plants has received less attention. In Arabidopsis thaliana, 6,480 lincRNAs were identified using custom arrays and RNA sequencing [19] . In Setaria italic, 584 long noncoding RNAs (lncRNAs), 494 of which are lincRNAs, were identified from a set of full-length cDNAs [20] . In Zea mays, 2,492 lncRNAs, 54% of which are lincRNAs, were identified using a pipeline combined with CPC [21] . Another study focused on Zea mays identified 1,704 HC-lncRNAs from a comprehensive set of transcripts, 93% of which are lincRNAs [22] . In Populus trichocarpa, 2,542 lincRNAs were identified [23] . Although many lincRNAs have been identified, their function is largely unknown.
Compared with protein-coding genes, the orthologs of lincRNAs are less conserved in other species and exhibit high rates of sequence evolution. This makes the identification of lincRNAs and prediction of their function based only on sequence conservation infeasible. To overcome this difficulty, it is urgent to expand investigations of the function and evolution of plant lincRNAs to include more plant species. Cucumber (Cucumis sativus) is an important vegetable and serves as a model plant for the study of sex determination and fruit development [24, 25] . Noncoding RNAs from cucumbers play important roles in regulating gene expression. For example, CR20 is a cytokinin-repressed noncoding gene [26] , and CsM10 is a noncoding gene expressed preferentially under male expression conditions [27] . Because of the importance of cucumbers in both daily life and plant research, many cucumber genomes and transcriptomes have been sequenced. The resulting data, which are publically accessible, enable the potential identification, characterization and evolutionary analysis of cucumber lincRNAs on a genome-wide scale.
In this study, lincRNAs are first identified and characterized on a genomic scale by applying a pipeline to cucumber transcriptome data. Next, the regulatory relationships between miRNAs and lincRNAs are explored. The expression and function of lincRNAs are then investigated based on lincRNA-mRNA co-expression networks. Finally, the evolution of lincRNAs is analyzed. Our results provide a rich resource for studies investigating the functions of lincRNAs in cucumbers and offer insights into the roles of lincRNAs in plants.
Results

Genome-wide identification of lincRNAs in cucumbers
To comprehensively identify lincRNAs, cucumber transcriptome data (S1 Table) from expressed sequence tag (EST), Illumina high-throughput sequencing (Hi-seq) and 454 pyrosequencing (454-seq) were first assembled and integrated and subsequently subjected to a modified pipeline ( Fig. 1) [19, 21, 22] . In total, 110,926 transcripts (6,912 EST, 102,717 assembled Hi-seq, and 1,297 assembled 454-seq transcripts) were mapped to the genome without mismatches. Next, two classical filters were used: one to eliminate transcripts that overlap with repeat elements and annotated protein-coding genes, and a second to filter out both transcripts with long ORFs (> = 300 nt) and short lengths (< 200 nt). BLAST and the coding potential calculator (CPC) were employed to remove sequences with coding potential [28] . Finally, 4,067 transcripts were identified as putative intergenic noncoding RNAs.
Because the remaining putative long intergenic noncoding RNAs may contain housekeeping ncRNAs, such as tRNAs, rRNAs, snoRNAs, and snRNAs, we subjected these putative from the merged datasets, 3,274 lincRNAs that passed all pipeline criteria were regarded as lincRNA candidates. Information on genomic positions is provided in S2 Table. The 3,274  lincRNAs mapped to 3,298 positions in the cucumber genome, with 7 lincRNAs showing multiple genomic positions . From these data, we can infer that lincRNAs tend to be distributed unevenly across seven chromosomes (chi-square goodness of fit test, p-value = 0.0007849). Chromosome three contained the largest number of lincRNAs, while chromosome seven presented the fewest (S1 Fig.) .
Characteristics and conservation of cucumber lincRNAs
The length of the lincRNAs ranged from 200 to 2,573 nucleotides (nt), the majority of which (58.3%) were approximately 200*300 nt in length ( Fig. 2A) . The mean length was 322 nt, which is lower than the values observed for cucumber mRNAs (mean length = 1,433 nt). The short length of the lincRNAs may be explained by the reason that these transcripts are not fulllength cDNAs. Despite this, the length of the cucumber lincRNAs is comparable to that of the lincRNAs identified in Arabidopsis thaliana [19] . Gene structure analysis showed that the majority (89%) of the lincRNAs contain only a single exon (Fig. 2B ). More than half of the lincRNAs (51.3%) exhibit a distance more than 5 Kb from their neighboring protein-coding genes, and only 350 (10.7%) of the lincRNAs overlap the flanking regions (0.5*1 Kb) of neighboring protein-coding genes. This suggests that most of the lincRNAs are transcribed independently from neighboring protein-coding genes (Fig. 2C) .
To investigate lincRNA conservation, 3,274 lincRNA sequences were subjected to BLAST searches against the genome sequences of 10 representative plants (P. patens, S. moellendorffii, P. abies, O. sativa, Z. mays, A. thaliana, P. trichocarpa, V. vinifera, watermelon, and melon) with a threshold E-value of 1e-10. We defined conserved lincRNAs as those with more than 20% of their sequence matched to other genomes. Our results indicate that 42% and 38% of cucumber lincRNAs are conserved compared with watermelon and melon, respectively (Fig. 2D , S3 Table) . However, only a few short lincRNA elements of approximately 20*40 bp were conserved compared with the other eight distantly related species (E-value 1e-5) (S2 Fig.) . These results imply that lincRNAs undergo rapid evolution.
LincRNA expression patterns in different tissues
The expression pattern of lincRNAs (RPKM, reads per kilobase per million reads) was explored using RNA-seq data from 10 different tissue types: root, stem, leaf, male flowers, female flowers, ovary, expanded fertilized ovary (7 days after flowering), expanded unfertilized ovary (7 days after flowering), base of the tendril, and tendril. Based on the maximum expression level of each lincRNA in all 10 tissues (exp max ), the expression of the lincRNAs can be divided into four classes (Fig. 3A) : (1) low (exp max 5 RPKM); (2) moderate (exp max > 5 RPKM and exp max 10 RPKM); (3) high (exp max > 10 RPKM and exp max 20 RPKM); and (4) very high (exp max > 20 RPKM). While in each tissue, the majority of lincRNAs belong to the low class based on lincRNA expression, some lincRNAs belong to the moderate, high or very high class, indicating that the lincRNAs exhibit a biological purpose, rather than simply representing transcriptional "noise".
Kernel density estimates (KDE) of gene expression were used to compare the expression levels of lincRNAs and mRNAs. We found that lincRNAs and mRNAs exhibit different density peaks and that the density peaks of mRNAs lag behind those of lincRNAs in each tissue (Fig. 3B, S3A-S3I Figs. ). Based on these results, we can infer that lincRNAs display lower expression levels than mRNAs in each tissue (Kolmogorov-Smirnov test, p < 2.2×10 -16 ), which is consistent with the expression of lincRNAs in Arabidopsis thaliana [19] .
The tissue-specific expression of lincRNAs was investigated using the tissue-specific index [30] . Overall, the roots displayed the most diverse lincRNA expression levels and presented the largest number of tissue-enriched lincRNAs (Fig. 3C, S4 only do the roots display the largest number of tissue-enriched lincRNAs, most of the enriched lincRNAs are in the high expression group (Fig. 3D , S4 Table) .
LincRNAs are potential targets or target mimics of cucumber miRNAs
Studies have shown that lincRNAs may act as targets or target mimics of miRNAs to regulate gene expression. For example, a lincRNA referred to as IPS1 (induced by phosphate starvation 1) acts as a target mimic of miR-399 in Arabidopsis thaliana [31] . To investigate the relationship between miRNAs and lincRNAs, we predicted potential miRNA targets or target mimics in lincRNAs using psRobot, a widely employed miRNA target prediction tool, and identified 10 lincRNAs as potential targets or target mimics of 17 miRNAs (Table 1) . For example, one of the cucumber lincRNAs (CU1NC272) targeted by csa-miRNA396b is presented (Fig. 4) . According to the sequence conservation of these miRNAs, these 17 miRNAs can be divided into 8 families, including miRNA156, miRNA159/miRNA319, miRNA162, miRNA166, miRNA172, miRNA396, miRNA399 and miRNAn2. Given the significant regulatory impact of miRNAs on their target mRNAs, we infer that these lincRNAs function as miRNA targets or target mimics that may be involved in the miRNA-mRNA network.
Function of cucumber lincRNAs
Co-expression of lincRNAs and mRNAs in cucumber. To infer the function of lincRNAs, a co-expression network between lincRNAs and mRNAs was constructed and visualized (see method for details). There were 207,341 relationships included in the network, including 10,794 mRNAs and 440 lincRNAs (Fig. 5) . Specifically, 194,290 of the links were between two mRNAs, while 12,522 were between lincRNAs and mRNAs, and 529 were between two lincRNAs. Among all 440 lincRNAs included in the network, 388 exhibited at least one mRNA as a partner, involving 2,347 mRNAs.
Function prediction of cucumber lincRNAs based on the co-expression network. Two methods were employed to mine the function of lincRNAs based on the lincRNA-mRNA coexpression network. Using the hub-based method, 126 lincRNAs were identified as hub genes (each hub gene has at least ten coding genes as partners). Under the module-based method, 34 modules involving 135 lincRNAs were identified (each module has at least ten coding genes and one lincRNA).
In total, 96 lincRNAs overlapped in the results from the hub-based and module-based methods (Fig. 6A) . Furthermore, 94 lincRNAs showed functional annotations with at least one GO term: BP (biological processes, including the response to stimulus, multi-organism processes, reproduction, reproductive processes, growth, and others); MF (molecular functions, including metal ion binding, oxidoreductase activity, transporter activity, hydrolase activity, heme binding, and others); or CC (cell components, including cell parts, membrane parts, the apoplast, and extracellular region parts) (Fig. 6B, S4A and S4B Figs., S5 and S6 Tables).
Polymorphism and evolution of cucumber lincRNAs
We employed 102 cultivated cucumber accessions to conduct analyses of lincRNA polymorphisms and evolution [32] . Of the 3,274 investigated lincRNAs located at 3,298 loci, 11,923 SNPs were found in lincRNAs, comprising 1.12% of lincRNA nucleotides, with an average pairwise nucleotide diversity (π) of 0.00079439 ± 0.001338246 (mean ± SE of the mean). We found that 77.8% of the lincRNAs exhibit no more than 5 SNPs, and 587 (17.8%) display no SNPs (Fig. 7A) . Furthermore, 2,763 of the lincRNAs (83.8%) presented 2 SNPs per 100 nt (Fig. 7B) . The results showed that most of the lincRNAs show low divergence among the 102 cultivated cucumber accessions.
To examine the neutrality of lincRNAs in cucumbers, a widely used neutrality test (Tajima's D) was performed for each lincRNA. Under the neutral equilibrium model (NE), the mean Tajima's D is expected to be zero. A significant negative value of Tajima's D indicates an excess of rare sequence variants relative to NE expectations, and recent positive selection is thus inferred. In contrast to positive selection, a significant positive value indicates balancing selection.
Based on the distribution of Tajima's D for all of the lincRNAs, we could clearly see that while most of the lincRNAs are under purifying selection, there are 81 lincRNAs that display a significant probability (p < 0.05) of non-neutral patterns of sequence variation ( (Fig. 7D) , 16 of the 81 lincRNAs were outside of the 95% confidence interval (Table 2 ). Further analysis indicated that 9 of the 16 lincRNAs exhibiting a negative Tajima's D values were under positive selection, and 7 of the 16 lincRNAs with a positive Tajima's D value were under balancing selection, suggesting that at least 16 of the lincRNAs with a significant Tajima's D might be a result of selection.
Discussion
High-throughput sequencing technologies (RNA-seq) allow the detection of novel types of transcripts, which often exhibit low expression levels. The use of a comprehensive set of transcripts constructed through the integration of multiple sources of data generated with different technologies enables the identification of types of RNA such as lincRNAs. In the present study, 3,274 lincRNAs from the cucumber genome were identified from different types of data, including EST, hi-seq and 454-seq data. The number of lincRNAs found in cucumber is lower than the approximately 6,000 lincRNAs found in Arabidopsis thaliana, although these species display comparable genome sizes. The possible reason may be that we used stricter criteria to identify bona fide lincRNAs. First, several databases, including the nr, nt, and Swiss-Prot databases, were integrated into a pipeline with methods including BLAST and CPC to eliminate potential coding sequences in the putative lincRNA sets. Second, when subjected to BLAST searches against the nt database, lincRNAs that were significantly matched with sequences from chloroplasts and mitochondria were discarded. However, because evidence suggests that lncRNAs may come from the mitochondria in humans [33] , the question of whether lincRNA genes exist in the mitochondria or chloroplasts of plants needs to be further explored in the future.
To investigate the function of cucumber lincRNAs, a lincRNA-mRNA co-expression network was constructed and employed to predict the function of cucumber lincRNAs using hub-based and module-based methods. In total, the function of 165 lincRNAs, including 96 lincRNAs that overlapped in the two methods, could be inferred. The reason for the low rates of the prediction of lincRNA function may be that lincRNAs participate in many biology processes through different mechanisms and function in different ways. Therefore, the majority of lincRNAs are not necessarily co-expressed with mRNAs, and better strategies should be developed to mine lincRNA function. The regulatory mechanism of cucumber lincRNAs is unknown. Based on the relationship between miRNAs and lincRNAs, we predict that 10 lincRNAs are potential targets or target mimics of 17 miRNAs with high expression scores. Our results provide insight into lincRNA regulation mechanisms and will hopefully be validated in the future.
Compared with mRNAs, plant lincRNAs are usually less conserved and evolve more rapidly. Genome-wide lincRNA evolution in plants has not been reported. Based on the results of Tajima's D test in 102 cucumber accessions, we infer that most lincRNAs are under purifying selection, with 16 lincRNAs under positive or balancing selection.
In summary, our results provide a rich source of information for research into the function of lincRNAs in cucumber. We provide many insights into cucumber lincRNAs, but more work is necessary to understand the function and evolution of cucumber lincRNAs.
Materials and Methods
Cucumber genomic and transcriptome data, including EST, 454-seq, and Hi-seq data
The cucumber genome and annotation file (version2) were downloaded from the Cucurbit Genomics Database (ftp://www.icugi.org/pub/genome/cucumber/Chinese_long/v2/cucumber_ ChineseLong_v2_genome.fa.gz and ftp://www.icugi.org/ pub/genome/cucumber/Chinese_ long/v2/cucumber_ChineseLong_v2.gff3.gz) [34] . EST sequences (version3.0) were also downloaded from the above website.
The transcriptomes of young cucumber fruits at five ages sequenced through 454-pyrosequencing (454-seq) were downloaded from the NCBI database under GEO accession number GSE39310 [35] .
Illumina high-throughput sequences (Hi-seq) were downloaded from the NCBI database under accession number SRA046916 [36] . These data are paired-end reads with read lengths of 75 bp and come from ten cucumber tissues: root, stem, leaf, male flowers, female flowers, ovary, expanded fertilized ovary (7 days after flowering), expanded unfertilized ovary (7 days after flowering), base of the tendril, and tendril. Do novo assembly was performed using Trinity [37] .
Pipeline for lincRNA identification
The pipeline employed for lincRNA identification was as follows: (1) Assembled transcripts were aligned with the cucumber genome and were retained when all nucleotides were mapped to the genome without mismatches using BLAT (min Identify = 100) [38] . (2) Transcript units (TUs) that overlapped with annotated genes or NATs (natural antisense transcripts) were discarded from further analysis. The remaining TUs were considered intergenic TUs. (3) TUs that overlapped repeat elements identified by RepeatMasker were also discarded. (4) TUs located within the 500 bp flanking regions of annotated protein-coding genes were removed. (5) TUs were scanned with Ugene (http://ugene.unipro.ru/) using the "find-orfs" function to find open reading frames (ORFs) with the following parameters: require-init-codon = false, minlength = 300. TUs containing ORFs with a length of 300 nt or more were eliminated. (6) TUs with lengths of less than 200 nt were discarded. (7) The Swiss-Prot database was used to filter out TUs with matched protein sequences (BLASTX, E-value 1e-10). (8) The CPC (coding potential calculator) was employed to identify TUs with coding potential [28] . (9) The nr (non-redundant protein sequence) database of NCBI was used to discard TUs with homologous sequences with a cutoff E-value of 1e-10 employing BLASTX. (10) The nt (nucleotide sequence) database of NCBI was used to discard lincRNAs containing CDS employing BLASTN (E-value 1e-10). (11) The Rfam database was used to discard housekeeping RNAs, such as tRNAs, rRNAs, snRNAs, and snoRNAs (E-value 1e-10) with BLASTN. (12) The CD-HIT tool was used to cluster lincRNAs with an identity of 95%, and the longest sequence in the cluster was selected for further analysis [39] .
Conservation and expression analysis of lincRNAs
The lincRNA homologs in 10 representative plant genomes were investigated based on sequence similarity. The genomes of P. patens, S. moellendorffii, P. abies, O. sativa, Z. mays, A. thaliana, P. trichocarpa, and V. vinifera were downloaded from phytozomes (v9.1) (http:// www.phytozome.net/). The watermelon and melon genomes were obtained from the Cucurbit Genomics Database (http://www.icugi.org/) and the melon genome database (http:// melonomics.net/), respectively. The lincRNA sequences were aligned against these 10 plant genomes with BLASTN [40] . The cutoff threshold for significant hits was an E-value of < 1e-10 and coverage of > 20% of matched regions.
Hi-seq data from 10 cucumber tissues were used for expression analysis of lincRNAs. Reads were mapped to lincRNAs with Bowtie [41] , and the expression levels (Reads per Kilobase per Million Reads, RPKM) of lincRNAs were quantified using a Perl script. The lincRNAs were classified into four levels: low (exp max 5 RPKM), moderate (exp max ! 5 RPKM and exp max < 10 RPKM), high (exp max ! 10 RPKM and exp max < 20 RPKM), and very high (exp max ! 20 RPKM).
Tissue-specific expression
The tissue specificity of the observed expression patterns was evaluated according to the tissuespecific index, which ranges from 0 for house-keeping genes to 1 for tissue-restricted genes [30] . The index was calculated using the following
, where n is the number of tissues; exp i is the expression value of each lincRNA in tissue, i; and exp max is the maximum expression value of each lincRNA among all tissues. The expression value of each lincRNA is counted as the RPKM (reads per kilobase per million reads). The lincRNAs showing a tissue-specific index > 0.9 were considered to display tissue-specific expression. The lincRNA expression data were clustered and displayed using heatmap.2 in R packages.
miRNA target prediction in cucumber lincRNAs
To search the lincRNAs for potential miRNA targets, 3,274 lincRNAs and 64 cucumber miRNAs [42] were uploaded into psRobot, a widely used online miRNA target prediction tool, with moderate parameters (penalty score threshold = 2.5, five prime boundary of essential sequence = 2, three prime boundary of essential sequence = 17, maximal number of permitted gaps = 1, position after which with gaps permitted = 17) (http://omicslab.genetics.ac.cn/psRobot/) [43] .
Construction of the lincRNA-mRNA co-expression network
The Hi-seq data collected from ten tissues were used to construct a lincRNA-mRNA co-expression network [36] . The construction method was similar to that of Liao [44] . In general, the pipeline for constructing the co-expression network was as follows: (1) The genes, including mRNAs and lincRNAs, whose variances ranked in the top 75% of expression profiles were retained. ( 2) The p-values of Pearson correlation coefficient (Pcc) was calculated for each pair of genes using Fisher's asymptotic test in the WGCNA library of R [45] , and were adjusted using the Bonferroni correction method. (3) Co-expression relationships showing adjusted p-values of less than 0.05 and ranking in the top 5% and bottom 5% of Pcc were selected for further analysis. The Bonferroni multiples test was executed using the multtest package of R (multtest: Resampling based multiple hypothesis testing, 2014. R package version: 2.20.0). Cytoscape was employed for visualization of the co-expression network [46] .
Prediction of cucumber lincRNA function
LincRNAs were annotated using hub-based and module-based methods that have been widely applied [44] . The hub-based method is used to annotate a gene based on the enrichment of its immediate neighborhood. In the lincRNA-mRNA co-expression network, a lincRNA with at least 10 mRNA partners can be regarded as one hub-gene. Each hub-gene and its mRNA partners constitute one lincRNA subnet. The function of hub-genes (lincRNAs) can be predicted based on the GO (Gene Ontology) enrichment of mRNAs within all lincRNA subnets. Online tools in the cucurbit genomics database (http://icugi.org/cgi-bin/ICuGI/tool/GO_enrich.cgi) were used to perform the GO enrichment analysis. The FDR-corrected cutoff p-value for significantly represented GO terms was set as 0.05. Under the module-based method, the MCL algorithm was used to search for modules in the co-expression network [47] . For each module, a method similar to the hub-based method was used to predict the functions of lincRNAs within modules.
Evolutionary analysis of lincRNAs
The SNP files of 102 cucumber accessions can be downloaded from the Cucumber genome database (ftp://www.icugi.org/pub/reseq/cucumber/SNP/) [32] . All lincRNAs and intergenic regions from different cucumber accessions were extracted based on the reference genome and SNP files for each cucumber accession using in-house-generated Perl scripts. The numbers of SNPs for each gene were calculated by counting the sum of sites with different bases (excluding gaps or N). Variscan was used to carry out the Tajima's D analysis (options: useMuts = 1, runmode = 12, completeDeletion = 0, fixnum = 0, numNuc = 4) [48] . The p-value of Tajima's D was calculated using Dnasp with the default parameters [49] .
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